Summary
Introduction
Friedreich's ataxia is inherited as an autosomal recessive changes such as scoliosis and pes cavus, optic atrophy, nystagmus and deafness. Electrocardiogram evidence of disorder, and is the most common of the inherited ataxias (Harding, 1981b) . Much effort has been expended in defining cardiomyopathy was shown to be present in two-thirds of a group of 115 patients, most distinctively widespread T-wave the disease both clinically and genetically. Primary criteria initially proposed for the diagnosis of Friedreich's ataxia inversion (Harding and Hewer, 1983) . When investigation was extended to include continuous ambulatory monitorincluded progressive gait ataxia without remission, dysarthria, loss of joint position and vibration sense in the lower limbs, ing, echocardiography and isotope ventriculopathy, all Friedreich's ataxia patients were found to have cardiac muscle weakness, deep tendon areflexia in the lower limbs and onset before the age of 20 years (Geoffroy et al., 1976) .
abnormalities (Pentland and Fox, 1983) . Diabetes mellitis has been described in~10% of Friedreich's ataxia patients These were later modified, with the upper limit for the age of onset increased to 25 years, and the realization that (Harding, 1981b) , with glucose intolerance in a further 20%, and reduced insulin response to arginine in all patients dysarthria, signs of pyramidal tract dysfunction and sensory changes were not necessarily present in the first 5 years after (Finocchiaro et al., 1988) . In 1988 the Friedreich's ataxia gene (FRDA) was mapped onset of the illness (Harding, 1981b) . Less common but supportive manifestations were described, including skeletal to chromosome 9 based on tight linkage to D9S15, an (Chamberlain et al., 1988) .
Friedreich's ataxia patients Subsequent efforts both confirmed this result and narrowed the candidate region to a 150-kb segment around chromosome No. (%) * 9q13 (Fujita et al., 1989; Hanauer et al., 1990; Duclos et al., 1994; Montermini et al., 1995 intron (Campuzano et al., 1996) . A very small number were Investigation found to be compound heterozygotes for this expansion and (Klockgether et al., to be absent in the other 10 (23%) of cases tested.
1993), or unusual presentations such as cardiac symptoms only (Harding and Hewer, 1983) or 'pseudodominant' inheritance (Harding and Zilkha, 1981) . We therefore reviewed a group of 56 patients with the clinical diagnosis machine and conducted with the long PCR protocol, in 20 cycles composed of the following steps: 94°C for 20 s, of Friedreich's ataxia, supplementing clinical and laboratory details with identification and sizing of the X25 trinucleotide 68°C for 2.5 min, followed by 17 cycles in which the length of the 68°C step was increased by 15 s/cycle. The PCR expansion. We were also able to study parents and siblings in eight families. product (15 µl) was visualized on a 1.2% ethidium bromidestained agarose gel using UV irradiation, and allele sizes determined by comparison with a 1-kb ladder DNA size marker. The allele sizes were independently assessed by two
Methods
Index cases had all been seen at the Hospital for Neurology investigators (P.J.L. and M.B.D.) blinded to the patients' clinical details. and Neurosurgery, Queen Square by either one of the authors (P.J.L. or N.W.W.) or by the late Professor Anita Harding.
Nonparametric statistical methods were used, with the Spearman rank correlation coefficient used to assess the Full clinical details were available for all patients and the results of investigations in most cases. Recognized critieria relationship between allele sizes and age of onset of clinical symptoms and the Mann-Whitney U test used to compare for the diagnosis of Friedreich's ataxia were used (Harding, 1981b) , with the exceptions that no upper age limit was set, allele sizes between clinical subgroups and to test population characteristics between subgroups. and that patients with retained tendon reflexes but an otherwise typical picture were studied.
Fifty-six patients were identified who fulfilled criteria and had DNA available for study. The DNA was also available
Results
The incidence of the 'core' clinical features for Friedreich's from parents in eight families containing one or more index cases, and in addition from a sib in two of these eight ataxia in the 56 patients are summarized in Table 1 . All patients had limb ataxia. The small number of patients who families. Baseline investigations available in most index cases included electrocardiogram, nerve conduction studies, had not developed dysarthria or posterior column sensory loss were seen within the first 5 years of their illness. Two and serum glucose estimation. The conditions of vitamin E deficiency (Harding, 1986) and hexosaminidase A deficiency patients, both Ͻ10 years old, had a plantar response which was still equivocal and not yet definitely extensor. Areflexia (Rapin et al., 1976) were excluded in atypical cases.
DNA was extracted from blood samples using standard of both upper and lower limbs was seen in all except the eight patients who satisfied the criteria for EOCA, and these techniques. A long range PCR (polymerase chain reaction) technique was used to amplify the region of the X25 gene will be discussed further. Pyramidal weakness was seen in a little over half of patients, again reflecting the stage in their reported to contain the intronic GAA triplet repeat expansion. The Perkin-Elmer XL long-PCR reagent kit was used to illness at which they were last seen. The length of time the patient had manifested symptoms set up the reactions, and standard conditions were used as suggested by the manufacturer with primers Bam at the time they were last seen by us ranged from 6 months to 50 years, with a mean of 13.6 Ϯ 9.9 (SD) years. The (5Ј-GGAGGGATCCGTCTGGGCAAAGG-3Ј) and 2500F (5Ј-CAATCCAGGACAGTCAGGGCTTT-3Ј).
presenting symptom was unsteady gait or 'clumsiness' in all cases except five: there were two patients who presented Amplifications were performed in a Perkin-Elmer 4800 with scoliosis, one with dysarthria, one with pes cavus and one with a cardiomyopathy. The age at onset is shown along with average size of the two expanded GAA alleles in Fig. 1 , and ranged from 3 to 30 years. Other indices of expansions in all but two cases (see Fig. 2 ). The only cases Friedreich's ataxia patient DNA in lane 6. Heterozygote (parents') found to be heterozygous for the expansion and a normal-DNA in lanes 3, 8, 9, 11 and 13. sized allele were either parents or siblings of index cases, and except for two fathers discussed later, did not manifest any neurological symptoms. In the patients, the size of the GAA expansions in both the homozygous and heterozygous expansions were between 2 and 5 kb, and the distribution of this range of allele sizes is illustrated in Fig. 3 . The normalsized alleles were centred around 1.5 kb, with a small range of 1.4-1.6 kb. Overlap between normal and expanded alleles was not seen. We have continued giving repeat sizes in kb in order to avoid overinterpretation of repeat number. We estimate that alleles of 2 kb are equivalent to~200 repeats, and 4 kb equivalent to 900 repeats. This is because the PCR product incorporates a constant flanking region of~1.5 kb so that a normal repeat size of 60 bp (20 repeats) produces a band of~1.5 kb, and each extra 0.5 kb corresponds to, approximately, a further 170 repeats.
The age of onset of symptoms showed a significant inverse the strongest correlation was seen for the average of the two values, the 'average allele size' (ρ ϭ -0.77; P ϭ 0.0001). This is shown graphically in Fig. 1 , where the age of onset offspring in eight families demonstrated marked instability during transmission in most families, leading to both increases is plotted against the average molecular size of the two expanded GAA repeat alleles.
and decreases in allele size. Without haplotype testing it was not possible to be sure of the parental origin of each allele. Sizing of the repeat length in the parents and affected clinical features of Friedreich's ataxia, and were shown to be homozygous for the GAA repeat expansion. The fathers in Families 1 and 2 were heterozygous, with one expanded allele and one normal sized allele. Only one of the two mothers had DNA available for testing (Family 1) and was heterozygous for the GAA expansion and a normal sized allele. The onset of these fathers' illnesses was at 43 and 42 years, respectively. In each case there was dysarthria and gait ataxia, but no other neurological symptoms, and reflexes were relatively preserved at the time of writing. So far, the illness seems to be a relatively benign, with the fathers of Families 1 and 2 still fully ambulant 5 years after onset. No additional features of Friedreich's ataxia, such as cardiomyopathy or diabetes mellitis have been detected in the fathers. The affected offspring in Families 1 and 2 all had an early onset of symptoms at four years of age, associated with larger allele sizes (4-5 kb). The expanded allele in the two affected fathers was also at the larger end of the range (4.5 kb in both).
The father in Family 3 was deceased, but analysis of his affected sister's DNA showed her to be homozygous for the FRDA expansion, with expansion sizes of 2 and 3.5 kb. larger alleles (3 and 4 kb) and had the earlier onset of symptoms. In two families there appeared to be reasonably stable transmission of allele sizes, but in the remaining six families the offspring with Friedreich's ataxia had allele sizes that were either larger or smaller than those of the parents. In Discussion three families there were two affected offspring, and in each This study confirms the report by Campuzano et al. (1996) of these families the two siblings had differing allele sizes. that Friedreich's ataxia is commonly caused by an intronic This was also true in a sib pair whose parents were expansion within the X25 gene. Furthermore, in all index consanguinous.
cases this was found in the homozygous state, confirming Eight patients with retained reflexes but otherwise typical that Friedreich's ataxia is typically an autosomal recessive Friedreich's ataxia were homozygous for the GAA repeat disease. In the eight families in which parents' DNA was expansion, with the smaller allele size varying from 2 to available for investigation, there appeared to be unstable 4 kb, the larger allele size varying from 2.1 to 4.6 kb, and transmission of allele size from both mothers and fathers to the average allele size varying from 2.1 to 4.1 kb. Their offspring. Instability during transmission in other allele sizes were not significantly different from those seen trinucleotide repeat diseases such as Huntingtons's disease, in the rest of the group (Z ϭ -0.15, P ϭ 0.88). Eight patients dentatorubropallidolysian atrophy and myotonic dystrophy with onset of typical features after the age of 20 years (range has been shown to occur in a mainly upward direction, 20-30 years) were also all homozygous for the GAA repeat although very occasionally decreases in the size of the expansion, and as a subgroup their average allele size was transmitted allele occur (Bruner et al., 1993; Huntington's significantly smaller than the rest of the group (Z ϭ -0.40, Disease Collaborative Research Group, 1993; Nagafuchi P ϭ 0.0001). This is not surprising given the aforementioned et al., 1994). In autosomal dominant cerebellar ataxia type 1 significant inverse correlation between age of onset and associated with the SCA 1 mutation, instability has been allele size. In addition, one patient who presented with a reported in an upward direction (Orr et al., 1993) . In our cardiomyopathy 5 years before the onset of neurological Friedreich's ataxia patients there appeared to be an equal symptoms was homozygous for the expansion.
propensity for the transmitted allele to either increase or Three families, whose pedigrees are illustrated in Fig. 4 , decrease in size. However, there was no overlap in size had fathers who had the onset of an ataxic illness in their third or fourth decade. The index cases all had typical between diseased and control repeat sequences, with 2 kb being lower end of the expanded repeat range, and 1.6 kb plantar reflexes. All eight were homozygous for the GAA repeat expansion, with allele sizes not accounting for this being the largest normal allele. Distinct early onset cerebellar ataxias which may be difference in phenotype. Age of onset in the EOCA group ranged from 12 to 30 years, but this was not significantly confused clinically with Friedreich's ataxia do exist, but most are rare and have distinctive additional features such different from the age of onset for the study group as a whole (Z ϭ -1.24, P ϭ 0.21). The results of nerve-conduction as hypogonadism, cataract and mental retardation, or pigmentary retinopathy to aid in the differential diagnosis studies were available in six of eight cases and showed typical slowing or absence of the sensory nerve action (Harding, 1996) . In addition to the 56 Friedreich's ataxia patients in this study, we have looked for the GAA potentials.
Although the upper age of onset initially set at 20 years trinucleotide repeat expansion in patients with other forms of ataxic syndromes. These included cerebellar ataxia with (Geoffroy et al., 1976) had subsequently been increased to 25 years (Harding, 1981b) , some families have been described hypogonadotrophic hypogonadism, autosomal dominant cerebellar ataxia type 1 not associated with the SCA 1 or 3 with all other diagnostic criteria of Friedreich's ataxia but with onset up to 36 years (De Michele et al., 1994) . mutations, dopa-responsive dystonia not associated with mutations in the gene encoding GTP cyclohydrolase, and
Comparison of the late-onset patients in this latter study with Friedreich's ataxia patients with onset under the age of 20 young onset idiopathic Parkinsonism. In none of these was the expansion present.
years showed a lower occurrence of skeletal deformities, but similar neurophysiological, sural nerve biopsy and Reliable detection of this mutation, which appears to be the common cause of Friedreich's ataxia, allows classification neuroradiological findings. In addition, the duration of disease from onset to becoming confined to a wheelchair was 5 years issues such as age of onset and preservation of lower limb reflexes to be addressed and resolved. The clinical syndrome longer in late onset patients. Sixteen patients from eight families with this late-onset phenotype were shown to have previously described as EOCA (Harding, 1981a) or FARR (Friedreich's ataxia with retained reflexes) (Palau et al., 1995) markers tightly linked to the FRDA locus (De Michele et al., 1994) . Tight linkage to the FRDA locus had previously been has been said to occur at a frequency about one-fourth of that of Friedreich's ataxia. The upper limb and knee reflexes shown in late-onset Friedreich's ataxia (Klockgether et al., 1993) . A separate variant of Friedreich's ataxia is seen in are normal or increased, and the prognosis was said to be much better, with patients losing their ability to walk~13 the Arcadian population of Louisiana, which after a 'typical' initial period then exhibits a more slowly progressing years later than in Friedreich's ataxia (Harding, 1981a) . Other differences included a greatly lowered incidence of optic peripheral involvement and a lower incidence of cardiomyopathy (Barbeau et al., 1984) . This entity also atrophy, cardiomyopathy, diabetes mellitis and severe skeletal deformity. A study reporting the results of neurophysiological demonstrated linkage to the FRDA locus (Chamberlain et al., 1989) . testing and the morphology of sural nerve biopsies questioned the initial contention that EOCA was a homogeneous disease Eight patients with onset of symptoms over the age of 20 years were examined for the GAA trinucleotide repeat entity (Filla et al., 1990) , and another paper proposed that EOCA be broken into two groups: one group with peripheral expansion in our study. All were found to be homozygous for the GAA expansion. The follow-up time ranged from neuropathy which was indistinguishable from Friedreich's ataxia and a second group without peripheral neuropathy five to 50 years, and none of the patients had become wheelchair-bound yet. Overall, this would indicate a (Santoro et al., 1992) . The assignment of the Friedreich's ataxia gene locus to the long arm of chromosome 9 and progression of disease which was milder than expected, as on average, 95% of patients lose the ability to walk 15 years the subsequent development of highly informative markers (Chamberlain et al., 1988; Hanauer et al., 1990) allowed after the onset of symptoms (Harding, 1984) . Analysis of expansion size in other trinucleotide repeat diseases has linkage analysis of 11 patients from six families to the Friedreich's ataxia locus, and significant linkage suggested shown that concommitant with an increase in the repeat number there is an increase in disease severity, as revealed by that, at least in some patients, EOCA was a variant phenotype of Friedreich's ataxia (Palau et al., 1995) . Further evidence a decreasing age of onset (Huntington's Disease Collaborative Research Group, 1993; Orr et al., 1993; Nagafuchi et al. , was provided by the description of a family in which one member had 'typical' Friedreich's ataxia, whereas another 1994). Analysis of age of onset versus repeat length in our study indicated a highly significant correlation between the had retained tendon reflexes in the lower limbs, and genetic linkage to the Friedreich's ataxia locus on chromosome two, as shown in Fig. 1 . In most cases the two alleles were of different sizes, and the correlation was seen with both the 9 was shown using tightly linked markers (Klockgether et al., 1996) . small allele size and the larger allele size individually (data not shown). However, the highest correlation was seen with Eight patients from our study conformed to the phenotype of EOCA. Five had exaggerated reflexes in the lower limbs the average allele size, suggesting that both alleles exert an effect in determining age of onset. A recent study postulated with extensor plantar reflexes, and three of these had retained reflexes in the upper limbs. Three patients had reflexes within that although linkage analysis had shown that childhood onset Friedreich's ataxia was genetically identical to those normal limits in both lower and upper limbs, with extensor with older presentations, genetic and/or environmental factors found in three of 368 screened chromosomes. Thus, it is needed to be invoked to account for the different clinical unlikely that a point mutation is present, causing both fathers picture (De Michele et al., 1996) . It would seem that the to have some Friedreich's-ataxia-like symptoms by being genetic factor of a longer repeat length plays a major role in compound heterozygotes. The one mother whose DNA was this early onset. Despite the statistically significant correlation available was heterozygous for the GAA repeat expansion, found in our study, however, it is clear that there is substantial as would be expected. Pedigrees 1 and 2 raise the possibility variation in age of onset for a given repeat length, limiting that the fathers who are carriers of the GAA expansion the usefulness of such information in the context of clinical are partially expressing symptoms of Friedreich's ataxia. practice.
Alternatively, both fathers may have another, as yet Heart disease is relatively common in Friedreich's ataxia, undiagnosed, cause for their spinocerebellar ataxia. It is with two-thirds of a group of 115 patients having abnormal clear that the presence of an ataxic syndrome in a parent electrocardiogram findings and 46 of the group manifesting should not rule out the possibility of Friedreich's ataxia in actual symptoms of cardiac disease (Harding et al., 1983) .
the offspring, and tests for the GAA-repeat expansion should This study also described two patients who were diagnosed be carried out. as having hypertrophic cardiomyopathy prior to the onset of This issue of 'pseudodominant' inheritance has been neurological symptoms. One patient developed cardiac failure addressed in the past, before direct mutation analysis was at the age of 6 years, then developed clumsiness at the age available (Harding and Zilkha, 1981) . In that paper a pedigree of 8 years and went on to become ataxic. A second child was described in which two siblings had typical Friedreich's experienced dyspnoea on exertion and palpitations leading to ataxia with onset at the ages of 11 and 18 years; it is Family a diagnosis of hypertrophic cardiomyopathy, and subsequently 3 described in this study (see Fig. 4 ). The father of the index became ataxic. There was one patient in our study with a case had died aged 37 years from an unrelated cause, but cardiac onset such as this. She had the onset of chest pain had the onset of a spinocerebellar syndrome with absent and syncope on exertion at the age of 13 years, leading to a reflexes and extensor plantar responses at the age of 27 years. diagnosis of hypertrophic cardiomyopathy. She did not Two sisters were still alive who had the onset of their develop neurological signs until the age of 18 years when spinocerebellar syndrome at the ages of 25 and 30 years. her gait became unsteady. Until then she had been able to They had absent reflexes and extensor plantar responses, and ride a bicycle and had been considered neurologically normal. also electrocardiogram and nerve conduction study findings Neurophysiological testing subsequent to the onset of ataxia typical of Friedreich's ataxia. The explanation given in the showed markedly reduced sensory action potentials without original paper was that the father had Friedreich's ataxia abnormality in the motor studies. Direct mutational testing with an atypical, late presentation, and had inadvertantly in this patient revealed that she was homozygous for the married a carrier of Friedreich's ataxia, thus producing three FRDA expansion, with allele sizes of 3 and 3.8 kb. The affected offspring in a family of three children. Mutation onset of hypertrophic cardiomyopathy in late childhood and testing of one paternal aunt of the patient has supported this adolescence is uncommon, and in such cases testing for the theory, as she was found to be homozygous for the repeat FRDA expansion should be considered. expansion. Athough this paper confirms that Friedreich's ataxia is In summary, our study has shown that the GAA triplet typically inherited as an autosomal recessive disease, in three repeat expansion described by Campuzano et al. (1996) is a families there was a history of one or more relatives in common cause of Friedreich's ataxia. In all 56 index cases the immediately preceeding generation being affected by a it was homozygous, confirming that typically Friedreich's spinocerebellar atrophy-type illness (see Fig. 4 ). In Families ataxia is inherited in an autosomal recessive fashion. In those 1 and 2 the fathers of the index cases had onset of a mild families where parents were available for mutational testing and slowly progressive spinocerebellar syndrome after the the parents were found to be heterozygous for the expansion, age of 40 years. In both men there was no evidence of and there was unstable transmission of allele sizes with both involvement of the other sites typically affected in increase and decrease in repeat size. In three pedigrees there Friedreich's ataxia, the heart and endocrine pancreas. A was a history not entirely compatible with autosomal recessive single copy of the abnormally expanded GAA triplet repeat inheritance, and in two the possibility of partial expression was found in both men, as was typical of all other parents in heterozygote carrier fathers has been raised. More studied. In both it was at the larger end of the size spectrum, importantly, the history of an ataxic syndrome in a parent and all three offspring have had early onset of Friedreich's does not exclude the diagnosis of Friedreich's ataxia in the ataxia (4 years of age) and two were in a wheelchair by the offspring, and tests for the GAA expansion should be carried age of 8 years. Full laboratory investigation of the fathers out. The third family with an affected father conforms to the for other causes of ataxic syndromes, including testing for previously described 'pseudodominant' inheritance (Harding the SCA 1 and SCA 3 mutations, provided negative results.
and Zilkha, 1981) . The ability to detect the GAA repeat The two fathers are undergoing testing for a point mutation expansion reliably, has allowed classification issues such as in the X25 gene at the present time, although in the original report by Campuzano et al. (1996) ways should now have direct mutational analysis performed.
Hanauer A, Chery M, Fujita R, Driesel AJ, Gilgenkrantz S, Mandel J-L. The Friedreich ataxia gene is assigned to chromosome 9q13-q21 by mapping of tightly linked markers and shows linkage
